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1. INTRODUCTION {#gcb14657-sec-0001}
===============

As a consequence of anthropogenic climate change, many species are naturally expanding their native range to higher latitudes or altitudes (Parmesan & Yohe, [2003](#gcb14657-bib-0043){ref-type="ref"}; Rumpf et al., [2018](#gcb14657-bib-0050){ref-type="ref"}; Steinbauer et al., [2018](#gcb14657-bib-0054){ref-type="ref"}). However, range expansion rates may not be uniform across organismal groups because of different dispersal capacities. While microbial organisms below a size of 20 μm may have a very high dispersal capability (Foissner & Hawksworth, [2009](#gcb14657-bib-0024){ref-type="ref"}; Wilkinson, Koumoutsaris, Mitchell, & Bey, [2012](#gcb14657-bib-0066){ref-type="ref"}), larger belowground organisms such as nematodes may be more limited in dispersal than aboveground organisms such as plants (Berg et al., [2010](#gcb14657-bib-0003){ref-type="ref"}). Among these rhizosphere organisms, plant mutualists and antagonists can affect plant performance and vegetation dynamics by growth promotion or reduction (Kardol, Bezemer, & van der Putten, [2006](#gcb14657-bib-0030){ref-type="ref"}; van der Heijden, Bardgett, & van Straalen, [2008](#gcb14657-bib-0059){ref-type="ref"}). The disruptions of interactions between plants and such rhizosphere organisms that are caused by varying range expansion rates may therefore have functional consequences for plant performance in the new range (Morriën, Engelkes, Macel, Meisner, & van der Putten, [2010](#gcb14657-bib-0037){ref-type="ref"}; van der Putten, [2012](#gcb14657-bib-0061){ref-type="ref"}). Such changes in plant performance between the new and the original range have been observed in the case of plant introductions into novel continents by humans and are attributed to the release from specialized belowground natural enemies that are present in the original range. Indeed, several intracontinental range‐expanding plant species also seem to be less negatively affected by soil communities in their new than in their original range, suggesting that range expansion causes the release from natural enemies of the original range (De Frenne et al., [2014](#gcb14657-bib-0012){ref-type="ref"}; Dostálek, Münzbergová, Kladivová, & Macel, [2015](#gcb14657-bib-0017){ref-type="ref"}; van Grunsven, van der Putten, Bezemer, Berendse, & Veenendaal, [2010](#gcb14657-bib-0063){ref-type="ref"}; Van Nuland, Bailey, & Schweitzer, [2017](#gcb14657-bib-0064){ref-type="ref"}). However, the actual shifts in soil biota potentially underlying these changes in range‐expanding plant performance have so far not been studied in the field.

Among soil biota, nematodes are the most abundant animals and perform key functions as bacterivores, fungivores, omnivores, predators and root herbivores (de Ruiter, Neutel, & Moore, [1995](#gcb14657-bib-0015){ref-type="ref"}; Ferris, Bongers, & De Goede, [2001](#gcb14657-bib-0022){ref-type="ref"}; Yeates, Bongers, Degoede, Freckman, & Georgieva, [1993](#gcb14657-bib-0069){ref-type="ref"}), but their potential role in the success of range‐expanding plant species is not yet fully understood (Morriën, Duyts, & van der Putten, [2012](#gcb14657-bib-0036){ref-type="ref"}; Wilschut, Kostenko, Koorem, & van der Putten, [2018](#gcb14657-bib-0067){ref-type="ref"}). Moreover, while root‐feeding nematodes are well studied with respect to their role as agricultural pests (Nicol et al., [2011](#gcb14657-bib-0040){ref-type="ref"}), their role in natural ecosystems has received less attention (De Deyn et al., [2003](#gcb14657-bib-0011){ref-type="ref"}). It has been proposed that changes in nematode community composition, especially lowered exposure to root‐feeding nematodes, may drive the high performance of range‐expanding plant species in new range soils (Engelkes et al., [2008](#gcb14657-bib-0020){ref-type="ref"}; Morriën et al., [2012](#gcb14657-bib-0036){ref-type="ref"}). However, as surveys along natural range expansion gradients are lacking, this proposed release of range‐expanding plant species from belowground nematode enemies has not yet been verified.

Survey‐based sampling along latitudinal or altitudinal transects can be useful to help explore potential shifts in nematode community composition, as has been shown for other soil organisms, such as bacteria, fungi and protists (Bahram et al., [2018](#gcb14657-bib-0001){ref-type="ref"}; Bates et al., [2013](#gcb14657-bib-0002){ref-type="ref"}; Delgado‐Baquerizo et al., [2018](#gcb14657-bib-0016){ref-type="ref"}; Tedersoo et al., [2014](#gcb14657-bib-0056){ref-type="ref"}; Thompson et al., [2017](#gcb14657-bib-0058){ref-type="ref"}). For nematodes, surveys have been rarely performed due to methodological constraints, as they are highly time‐consuming due to expert‐dependent morphological identification. The few survey‐based studies that have relatively limited sample sizes show that climate, vegetation and soil abiotic conditions co‐determine nematode community composition (Chen et al., [2015](#gcb14657-bib-0008){ref-type="ref"}; Nielsen et al., [2014](#gcb14657-bib-0041){ref-type="ref"}; Sylvain et al., [2014](#gcb14657-bib-0055){ref-type="ref"}), which was supported by a recent meta‐analysis (Song et al., [2017](#gcb14657-bib-0053){ref-type="ref"}). Both these nematode‐centred surveys, as well as comparable studies on microbial communities, focus on community variation between soils, without considering the influence of plant species on soil communities. Rhizosphere communities, however, can considerably differ between individual plant species (Bezemer et al., [2010](#gcb14657-bib-0004){ref-type="ref"}). So far, latitudinal patterns in rhizosphere community composition of specific plant species have rarely been studied (Lu, He, Ding, & Siemann, [2018](#gcb14657-bib-0034){ref-type="ref"}) and not yet in the context of plant range expansions.

Recently, novel molecular nematode community analysis approaches have been developed, so that continental‐scale surveys are now becoming feasible (Geisen et al., [2018](#gcb14657-bib-0026){ref-type="ref"}; Griffiths, de Groot, Laros, Stone, & Geisen, [2018](#gcb14657-bib-0027){ref-type="ref"}). We used such a molecular sequencing technique, combined with morphological quantification, in order to perform a high‐resolution analysis of 357 rhizosphere nematode communities along a 2,000 km long latitudinal plant range expansion gradient across Europe. In six countries, rhizosphere samples were collected from four range‐expanding species\' original ranges in South‐Eastern and Central Europe, and from their new ranges in North‐Western Europe. We also collected samples from four congeneric plant species that are all native along the entire latitudinal transect, in order to control for the latitudinal variation in nematode community composition along this transect. In addition to assessing the composition of nematode communities, we examined their total abundances, as well as the abundances of nematode feeding types and several root‐feeding nematode groups, which are known to differ in feeding modes and effects on plant performance (Bongers, [1988](#gcb14657-bib-0006){ref-type="ref"}; Yeates et al., [1993](#gcb14657-bib-0069){ref-type="ref"}). We explored biogeographical patterns in nematode richness and community composition along the latitudinal transect and tested the hypotheses that (1) latitudinal shifts in nematode community composition are stronger in range‐expanding plant species than in congeneric natives and (2) in their new range, range‐expanding plant species accumulate fewer root‐feeding nematodes than in their original range.

2. MATERIALS AND METHODS {#gcb14657-sec-0002}
========================

2.1. Plant species {#gcb14657-sec-0003}
------------------

The range expanders in our study were *Centaurea stoebe* and *Tragopogon dubius* (Asteraceae), *Geranium pyrenaicum* (Geraniaceae) and *Rorippa austriaca* (Brassicaceae). Congeneric native plant species were *Centaurea jacea*, *Tragopogon pratensis*, *Geranium molle* and *Rorippa sylvestris*, respectively. The range expanders naturally occur in southern and/or Central Europe (native range) and have recently new into North‐Western Europe (NDFF, [2017](#gcb14657-bib-0039){ref-type="ref"}). *C. stoebe*, *T. dubius* and *R. austriaca* colonized North‐Western Europe in the course of the 20th century, while *G. pyrenaicum* was present in the 19th century, but strongly increased in the last decades of the 20th century (NDFF, [2017](#gcb14657-bib-0039){ref-type="ref"}). The congeneric native plant species naturally occur throughout the entire geographical area examined in this study (NDFF, [2017](#gcb14657-bib-0039){ref-type="ref"}), and all native plant species were already considered as native to the Netherlands in the early 19th century (Van der Meijden, [2005](#gcb14657-bib-0060){ref-type="ref"}). In North‐Western Europe, all plant species occur in the same riverine ecosystems, although their specific habitat requirements may differ.

2.2. Field sampling {#gcb14657-sec-0004}
-------------------

In the growing seasons of 2013 and 2014, we collected soil around the roots of flowering individuals of all eight plant species along a latitudinal transect from South‐Eastern to North‐Western Europe, including Greece, Montenegro, Slovenia, Austria, Germany and the Netherlands. In each country, we aimed to sample nine individual plants for each plant species (three individuals per population, with three populations per country) (Figure [1](#gcb14657-fig-0001){ref-type="fig"}, Figure [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}). Populations were separated at least 2 km from each other. One soil sample was collected under each plant individual. As *C. stoebe* and *R. austriaca* do not naturally occur in Greece and Montenegro, these species were only sampled from Slovenia northwards. After collection, soils were stored in transportable coolers and, as soon as logistically possible, at 4°C until nematode extraction. Soil moisture was determined for both the 2013 and 2014 samples. Additionally, for all 2014 samples, we measured pH, C/N ratio and the content of plant‐available $\text{NH}_{4}^{+}$, $\text{NO}_{2}^{-} + \text{NO}_{3}^{-}$ and phosphate (see below).

![Latitudinal sampling scheme of four native and four range‐expanding plant species in six European countries. For each plant species, coloured circles represent populations within each of the six countries where plants were sampled: Greece (south‐east), Montenegro, Slovenia, Austria, Germany and the Netherlands (north‐west), respectively](GCB-25-2714-g001){#gcb14657-fig-0001}

2.3. Soil abiotics {#gcb14657-sec-0005}
------------------

To not limit our understanding of nematode community composition to the effects of plant species and latitude, we also measured important soil characteristics. To determine soil moisture (water % w/w), fresh soil samples were dried at 105°C for 12 hr. Subsequently, this dried soil was ground using a ball mill, and 5 mg was weighted into tin cups in order to determine total soil C and N content using an elemental analyser (LECO). For other measurements, soil samples were dried at 40°C for 5 days. Plant‐available phosphate (P‐Olsen) was measured by extraction from 2.5 g of soil in a 0.5 M NaHCO~3~ solution and quantification using an auto‐analyser (QuAAtro Autoanalyzer; SEAL Analytical Ltd.). Available mineral nitrogen ($\text{NH}_{4}^{+}$ and $\text{NO}_{2}^{-} + \text{NO}_{3}^{-}$) was measured using the KCl extraction protocol: dried soil samples of 10 g were shaken in a 1 M KCl solution for 2 hr, after which concentrations were determined using an auto‐analyser (QuAAtro Autoanalyzer; SEAL Analytical Ltd.). Soil pH was determined from the KCl extracts.

2.4. Nematode extraction and quantification {#gcb14657-sec-0006}
-------------------------------------------

Stones and other large particles were removed from the collected soil samples, after which approximately 100 g of soil was used for extraction. Nematodes were extracted from a weighed amount of soil using Oostenbrink elutriators (Oostenbrink, [1960](#gcb14657-bib-0042){ref-type="ref"}). Suspensions (10 ml) with extracted nematodes were divided into two subsamples: one subsample was used for DNA extraction and amplicon sequencing (see below), while the other was used for nematode quantification by visual counting. Before nematode counting, these suspensions were concentrated to 2 ml, after which 4 ml hot (90°C) and 4 ml cold (20°C) formaldehyde were added to heat‐kill and fixate the nematodes. Total numbers of nematodes were then counted using an inverse light microscope (200×; Olympus CK40), and nematode numbers were expressed per 100 g of dry soil using the soil moisture data.

2.5. DNA extraction and amplicon sequencing {#gcb14657-sec-0007}
-------------------------------------------

DNA from the subsample was extracted using the Clear Detections Nematode DNA extraction and purification kit™ (Clear Detections). DNA isolates were stored at −20°C until further use. To obtain taxonomic information on the complete soil nematode community, we amplified the most variable part of the 18S rDNA, the V4 region (Pawlowski et al., [2012](#gcb14657-bib-0044){ref-type="ref"}) using the universal eukaryotic primers 3NDf together with 1132rmod as previously described (Geisen et al., [2018](#gcb14657-bib-0026){ref-type="ref"}). We used pretagged primers with Illumina adapters, a 12 bp long barcode to allow de‐multiplexing of the reads after sequencing, a primer linker and the sequencing primers. All PCRs were conducted in duplicate, product quality was visually verified on agarose gel, and duplicates were pooled before PCR clean‐up with Agencourt AMPure XP magnetic beads (Beckman Coulter). PCR cycling conditions were as follows: initiation for 5 min at 94°C, followed by 35 cycles of 45 s at 94°C, 1 min at 53°C and 90 s at 72°C with a final elongation for 10 min at 72°C. PCR products were pooled in equimolar ratios after determining concentrations with a fragment analyser (Advanced Analytical) and sent for sequencing to BGI, China.

2.6. Bioinformatics {#gcb14657-sec-0008}
-------------------

The obtained raw 18S rDNA sequence reads were curated in the Hydra pipeline (de Hollander, [2017](#gcb14657-bib-0013){ref-type="ref"}) implemented in Snakemake (Köster & Rahmann, [2012](#gcb14657-bib-0032){ref-type="ref"}); in short, after filtering contaminants and removing barcodes, the forward reads were used for annotation. Thereafter, vsearch (Rognes, Flouri, Nichols, Quince, & Mahé, [2016](#gcb14657-bib-0049){ref-type="ref"}) was used to cluster all reads into operational taxonomic units (OTUs) using the UPARSE strategy by de‐replication followed by sequence‐sorting by abundance (singletons were removed) and clustering using the UCLUST smallmem algorithm (Edgar, [2010](#gcb14657-bib-0018){ref-type="ref"}). Chimeric sequences were removed using UCHIME (Edgar, Haas, Clemente, Quince, & Knight, [2011](#gcb14657-bib-0019){ref-type="ref"}), as implemented in vsearch. To create an OTU table, all reads were mapped to OTUs using the usearch_global method (vsearch). Sequences were aligned to the PR2 database (Guillou et al., [2013](#gcb14657-bib-0028){ref-type="ref"}). Reference sequences were first trimmed with forward and reverse primers using cutadapt (Martin, [2011](#gcb14657-bib-0035){ref-type="ref"}). Moreover, we deleted all reference sequences of environmental nematode DNA, to improve annotation success. Prior to further analyses, we removed samples with fewer than 1,000 reads. We then recalculated read numbers to relative abundances of the OTUs. OTUs that could be assigned to nematode genera allowed estimates of relative abundances of functional groups (Yeates et al., [1993](#gcb14657-bib-0069){ref-type="ref"}). Sequence data were uploaded to the European Nucleotide archive under entry number PRJEB32145.

2.7. Statistical analyses {#gcb14657-sec-0009}
-------------------------

For both multivariate and univariate analyses, nematode communities collected under individual plants were treated as independent samples. Distances between collected plants were highly variable among populations. Therefore, population was not included as a factor in our models.

2.8. Multivariate analyses of nematode community composition {#gcb14657-sec-0010}
------------------------------------------------------------

Prior to multivariate analyses, we assembled two databases. One database consisted of the relative abundance data of all sequenced nematode OTUs, whereas the other contained relative abundance data of nematode genera based on the sequenced OTUs that could be assigned to nematode genus level. This genus‐level database was assembled to obtain a better indication of functional dissimilarity of the nematode community, as nematode species from the same genus tend to have similar ecological functions, especially in feeding behaviour (Yeates et al., [1993](#gcb14657-bib-0069){ref-type="ref"}). All multivariate analyses were performed in [canoco]{.smallcaps} 5 (Šmilauer & Lepš, [2014](#gcb14657-bib-0052){ref-type="ref"}; Ter Braak & Šmilauer, [2012](#gcb14657-bib-0057){ref-type="ref"}), and all analyses were performed for both the OTU‐level and genus‐level data sets.

With all samples collected in 2014, for which soil characteristics were measured, we first ran forward selection RDAs to estimate the importance of the nominal factor (plant species) and the continuous variables (latitude, soil moisture, pH, soil C/N ratio, $\text{NH}_{4}^{+}$, $\text{NO}_{2}^{-} + \text{NO}_{3}^{-}$ and available phosphate) to the variation in nematode community composition. All factors or variables explaining at least 5% of the total variation explained by the RDA model were included in principal component analyses (PCAs) to visualize their contribution to the separation of the samples. Subsequently, using the combined 2013 and 2014 data, we tested for each plant pair (i.e. *C. stoebe* and *C. jacea*) whether range‐expanding plant species showed more profound differences in nematode community composition between the different parts of the geographical range compared to the congeneric native plant species. For this, we combined the country data to compose three regions based on latitude: south (Greece and Montenegro), central (Slovenia and Austria) and north (Germany and the Netherlands). To examine the differences in nematode community shifts, we visualized variation in the community composition using PCAs per plant pair and tested the plant\*region interaction using RDAs.

2.9. Univariate analyses of functional group abundance {#gcb14657-sec-0011}
------------------------------------------------------

Using the combined 2013 and 2014 data, we performed separate analyses of nematode abundances by comparing range‐expanding and congeneric native plant species for each plant genus, as not all plant species were collected in each latitudinal region. Prior to univariate analyses, we assigned each nematode genus detected by the 18S sequencing to one of the functional groups described in Yeates et al. ([1993](#gcb14657-bib-0069){ref-type="ref"}): bacterivores, fungivores, root‐feeders or the combined group of omnivorous and predatory nematodes. Additionally, the group of root‐feeding nematodes was divided into endoparasites, semi‐endoparasites, ectoparasites and root‐hair feeders. To obtain absolute abundance data, relative abundances of all groups were corrected using the total nematode counts for each sample. Per plant pair, we then modelled absolute abundances (per 100 g dry soil); relative abundances (fraction of total nematode 18S rDNA reads) of bacterivorous, fungivorous, predatory--omnivorous and root‐feeding nematodes; and absolute abundances of the four groups of root‐feeding nematodes. Absolute abundances were treated as count data and converted to integer values, as required in count data analyses. All subsequent analyses were performed in R (R Core Development Team, [2012](#gcb14657-bib-0047){ref-type="ref"}). To account for overdispersion, abundance data were modelled using generalized linear models with a negative binomial distribution, *glm.nb* in [mass]{.smallcaps} (Ripley et al., [2013](#gcb14657-bib-0048){ref-type="ref"}), which included species, region and the species\*region interaction as fixed factors. Post hoc Wald tests were performed using the [phia]{.smallcaps} package (De Rosario‐Martinez, [2013](#gcb14657-bib-0014){ref-type="ref"}). Models were validated by inspection of residual plots. Relative abundance data were modelled with general linear models (*lm* in the stats package), including the same factors as the models for absolute abundance data.

3. RESULTS {#gcb14657-sec-0012}
==========

Visual quantification showed that on average, soil samples contained 2,924 (±151) nematodes per 100 g dry soil. Nematode abundances were not correlated with latitude (Figure [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}A). Total nematode abundances varied between plant species, with the highest number found in the range expander *G. pyrenaicum* and the lowest in the range expander *C. stoebe* (Figure [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}B).

Overall, 5,368,503 sequences (average of approximately 15,000 sequences per sample) were obtained after removing samples that contained less than 1,000 reads. A total of 961 OTUs were detected, with 653 being assigned as nematodes. More than half of these OTUs could be classified reliably into 92 nematode genera, while 297 OTUs were not assignable to a genus. On average, samples contained 169 (±2.4) OTUs. Overall, OTU richness did not vary with latitude (Figure [2](#gcb14657-fig-0002){ref-type="fig"}), and only in *T. pratensis,* a weak positive correlation between latitude and nematode OTU richness was found (Figure [S2](#gcb14657-sup-0001){ref-type="supplementary-material"}).

![Overall correlation between latitude (degrees) and nematode operational taxonomic unit (OTU) richness per sample along a latitudinal transect from Greece to the Netherlands. Samples represent four range‐expanding plant species and four congeneric related natives (also see Figure [S2](#gcb14657-sup-0001){ref-type="supplementary-material"}). *R* ^2^ and *p*‐value of the Pearson correlation test are shown](GCB-25-2714-g002){#gcb14657-fig-0002}

3.1. Drivers of nematode community composition {#gcb14657-sec-0013}
----------------------------------------------

### 3.1.1. OTU‐level community composition {#gcb14657-sec-0014}

All factors and variables included in the RDAs together explained 13.3% of the total variation in the nematode community composition (overall model: pseudo‐*F* = 3.7, *df* = 14, *p* \< 0.01). Nematode community composition was significantly affected by plant species, and the majority of the plant species contributed at least 5% to the variation explained by the fitted factors in the RDA model (Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}), with all included plant species together explaining 5.5% of the total variation in community composition. In particular, the nematode community composition under *C. stoebe* was significantly distinct from other plant species (explained variation: 1.2%; *F* = 3.5; *p* \< 0.01; Figure [3](#gcb14657-fig-0003){ref-type="fig"}; Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}). Nematode community composition also significantly changed with latitude, which was the strongest continuous explanatory variable (explained variation: 2.1%, *F* = 6.0; *p* \< 0.01; Figure [3](#gcb14657-fig-0003){ref-type="fig"}), followed by available phosphate (explained variation: 1.3%; *F* = 3.7; *p* \< 0.01; Figure [3](#gcb14657-fig-0003){ref-type="fig"}; Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}). Latitude corresponded with the first PCA axis, whereas available phosphate and soil moisture corresponded most strongly with the second PCA axis (Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}, Figure [3](#gcb14657-fig-0003){ref-type="fig"}).

![Ordination plots based on principal component analyses (PCAs) of nematode communities, on operational taxonomic unit (OTU)‐level (left) or genus‐level (right). Black arrows represent the effects of continuous variables such as latitude, soil moisture (SM), pH, the available NO~3~ + NO~2~(N) and phosphorus (P). Large circles and squares represent centroid plant species effects of range‐expanding *Centaurea stoebe*, *Geranium pyrenaicum*, *Rorippa austriaca* and *Tragopogon dubius* and native plant species *Centaurea jacea*, *Geranium molle*, *Rorippa sylvestris* and *Tragopogon pratensis*, respectively. Individual samples of each plant species are indicated with small circles (range expanders) or squares (natives)](GCB-25-2714-g003){#gcb14657-fig-0003}

### 3.1.2. Genus‐level community composition {#gcb14657-sec-0015}

All factors and variables included in the RDAs together explained 15.1% of the variation in nematode community composition (overall model pseudo‐*F* = 2.9, *df* = 14, *p* \< 0.01). Similar to the OTU‐level community composition, latitude (explained 3.1% of the total variation, *F* = 8.9; *p* = \<0.01, Figure [3](#gcb14657-fig-0003){ref-type="fig"}) and available phosphate (explained 1.6% of the total variation, *F* = 4.7; *p* = \<0.01, Figure [3](#gcb14657-fig-0003){ref-type="fig"}) were the continuous variables that explained most of the variation in nematode community composition (Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}). In contrast to the OTU‐level community composition, single plant species effects were weaker when the community composition was based on nematode genera (Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}). Latitude also corresponded to the first PC axis and available NO~3~ + NO~2~(N) to the second PC axis in the ordination of the genus‐level nematode community composition (Table [S1](#gcb14657-sup-0001){ref-type="supplementary-material"}, Figure [3](#gcb14657-fig-0003){ref-type="fig"}).

3.2. Nematode community composition shifts between original and new ranges {#gcb14657-sec-0016}
--------------------------------------------------------------------------

For the pair of *Centaurea* species, the differences between OTU‐level nematode communities between the central and northern latitude regions depended on the plant species (Figure [4](#gcb14657-fig-0004){ref-type="fig"}a; RDA plant species\*latitude (spec\*lat) interaction: explained variation = 13.3%, *df* = 3, pseudo‐*F* = 3.6, *p* \< 0.01). In particular, the nematode community composition under *C. jacea* appeared to differ more strongly between the central and northern regions than under *C. stoebe* (Figure [4](#gcb14657-fig-0004){ref-type="fig"}a). For the *Geranium* pair, southern OTU‐level nematode communities of native *G*. *molle* differed from nematode communities in the other regions, whereas such differences were not evident for range‐expanding *G. pyrenaicum* (Figure [4](#gcb14657-fig-0004){ref-type="fig"}b; RDA spec\*lat: explained variation = 12.1%, *df* = 5, pseudo‐*F* all axes test = 2.6, *p* \< 0.01). In the *Rorippa* species pair, OTU‐level nematode communities differed between the plant species in the northern latitude region, but not in the central latitude region (Figure [4](#gcb14657-fig-0004){ref-type="fig"}c; RDA spec\*lat: explained variation = 14.4%, *df* = 3, pseudo‐*F* all axes test = 2.4, *p* \< 0.01). OTU‐level nematode communities of native *Tragopogon* significantly differed between southern and both central and northern latitude regions, while such a separation was not evident in range‐expanding *Tragopogon* (Figure [4](#gcb14657-fig-0004){ref-type="fig"}d; RDA interaction spec\*lat: explained variation = 12.9%, *df* = 5, pseudo‐*F* all axes test = 2.6, *p* \< 0.01).

![Ordination plots based on principal component analyses (PCAs) of operational taxonomic unit (OTU)‐level nematode communities in the rhizospheres of range‐expanding (circular centroid) and native (rectangular centroid) species of *Centaurea* (a), *Geranium* (b), *Rorippa* (c) and *Tragopogon* (d). Sign colours represent southern latitude soils (white; Greece and Montenegro), central latitude soils (grey; Slovenia and Austria) and northern latitude soils (black; Central‐West Germany and the Netherlands). Error bars represent standard errors of PCA sample scores](GCB-25-2714-g004){#gcb14657-fig-0004}

The differences in composition of genus‐level nematode communities between plant species and latitude regions were mostly similar to the differences between OTU‐level nematode communities (Figure [S3](#gcb14657-sup-0001){ref-type="supplementary-material"}). Most notably, in *Centaurea,* genus‐level community composition differed significantly between the central and northern latitude regions for range‐expanding *C. stoebe*, while they were comparable in the case of congeneric native *C. jacea* (Figure [S3](#gcb14657-sup-0001){ref-type="supplementary-material"}; RDA spec\*lat: explained variation = 17.1%, *df* = 3, pseudo‐*F* all axes test = 4.6, *p* \< 0.01). Also for the *Rorippa* species, the separation of genus‐level nematode communities between the central and northern latitude regions appeared to be more separated for the range‐expanding *R. austriaca* than for native *R. sylvestris* (Figure [S3](#gcb14657-sup-0001){ref-type="supplementary-material"}; RDA spec\*lat: explained variation = 14.6%, *df* = 3, pseudo‐*F* all axes test = 2.4, *p* \< 0.01).

3.3. Abundances of nematode feeding groups {#gcb14657-sec-0017}
------------------------------------------

The abundances of nematode feeding groups depended on the plant species and/or latitude region, and none of the feeding groups showed systematic differences between the range‐expanding plant species and the congeneric native (Figure [5](#gcb14657-fig-0005){ref-type="fig"}). In *Centaurea* (Figure [5](#gcb14657-fig-0005){ref-type="fig"}a)*,* absolute abundances of root‐feeding nematodes were consistently higher in native *C. jacea* than in range‐expanding *C. stoebe* (*Χ* ^2^ = 34.2, *df* = 1, *p* \< 0.001) and consistently lower in the north than in the centre of the latitudinal transect (*Χ* ^2 ^= 4.2, *df* = 1, *p* \< 0.05). Moreover, the latitude effect on absolute abundances of fungivores depended on the plant species (*Χ* ^2^ = 10.9,*df* = 1, *p* \< 0.001); more specifically, nematode communities of native *C. jacea* had more fungivores in northern than in central latitude regions, while fungivore abundance under *C. stoebe* was lowest in the north (Figure [5](#gcb14657-fig-0005){ref-type="fig"}a).

![Absolute abundances (number of individuals per 100 g dry soil) of four major nematode feeding groups in rhizosphere samples of range‐expanding *Centaurea stoebe*, *Geranium pyrenaicum*, *Rorippa austriaca* and *Tragopogon dubius* and congeneric native plant species *Centaurea jacea*, *Geranium molle*, *Rorippa sylvestris* and *Tragopogon pratensis* in southern (S: Greece and Montenegro; only *Geranium* and *Tragopogon*) and central (C: Slovenia and Austria; all plant genera) original range soils, and in new range soils (N: Central‐West Germany and the Netherlands; all plant genera). Small letters indicate significant within‐plant‐species differences between regions along the latitudinal gradient according to post hoc Wald tests for each feeding group. Significant between‐plant‐species differences in nematode feeding type abundances are indicated with \*](GCB-25-2714-g005){#gcb14657-fig-0005}

In *Geranium*, absolute root‐feeding nematode abundances were lowest at central latitudes, irrespective of plant species (*Χ* ^2 ^= 7.8, *df* = 2, *p* \< 0.05; Figure [5](#gcb14657-fig-0005){ref-type="fig"}b). Rhizospheres of *G. pyrenaicum* contained most predatory--omnivorous and bacterivorous nematodes in the south, whereas this was not the case for *G. molle* (spec\*lat effect; predatory--omnivorous nematodes: *Χ* ^2 ^= 17.64, *df* = 2, *p* \< 0.001; bacterivorous nematodes: *Χ* ^2 ^= 13.56, *df* = 2, *p* \< 0.01; Figure [5](#gcb14657-fig-0005){ref-type="fig"}b). In *G. molle,* fungivores were least abundant in the south, whereas there was no latitudinal pattern for *G. pyrenaicum* (spec\*lat effect: *Χ* ^2 ^= 8.24, *df* = 2, *p* \< 0.05; Figure [5](#gcb14657-fig-0005){ref-type="fig"}b).

For *Rorippa*, the range expander *R. austriaca* had lowest number of predatory--omnivorous nematodes (*Χ* ^2 ^= 10.77, *df = 1,* *p* \< 0.01; Figure [5](#gcb14657-fig-0005){ref-type="fig"}c). The other nematode feeding groups did not show significant differences in absolute abundance between species or latitude regions. In samples of *Tragopogon,* species effects on absolute abundances of fungivores and bacterivores depended on the latitude region: at southern latitudes, fungivores were lowest in *T. pratensis* but highest in *T. dubius* (*Χ* ^2 ^= 18.94, *df* = 2, *p* \< 0.001; Figure [5](#gcb14657-fig-0005){ref-type="fig"}d). Bacterivore numbers were lowest in northern Europe in *T. dubius*, but not in *T. pratensis* (*Χ* ^2^ = 6.30, *df* = 2, *p* \< 0.05; Figure [5](#gcb14657-fig-0005){ref-type="fig"}d).

Analyses of relative abundances of the different nematode feeding types (Figure [S4](#gcb14657-sup-0001){ref-type="supplementary-material"}) revealed patterns that were comparable to the analyses of total abundances (Figure [5](#gcb14657-fig-0005){ref-type="fig"}). Most importantly, although some nematode groups (e.g. predatory--omnivorous nematodes in *Centaurea*) showed significant differences in relative abundance between plant species or latitude regions, these patterns were not necessarily the same when absolute abundances were analysed.

3.4. Abundances of root‐feeding nematode types {#gcb14657-sec-0018}
----------------------------------------------

All four root‐feeding nematode types were more abundant in native *C. jacea* than in range‐expanding *C. stoebe* (single species effects: *Χ* ^2 ^\> 9.89, *p*‐values \< 0.01), but latitude effects depended on the type of root‐feeding nematode (Figure [6](#gcb14657-fig-0006){ref-type="fig"}). The abundance of endoparasitic nematodes was lower in the new range (northern latitude region) than in the original range (central latitude region) of *C. stoebe*, while there was no difference between latitude regions in *C. jacea* (spec\*lat: *Χ* ^2^ = 3.60, *df* = 1, *p* = 0.058; Figure [6](#gcb14657-fig-0006){ref-type="fig"}). In both species, the abundance of semi‐endoparasites was lower in the northern than in the central latitude region, but the magnitude of decrease did not significantly differ between species (lat: *Χ* ^2 ^= 9.82, *df* = 1, *p* \< 0.01; Figure [6](#gcb14657-fig-0006){ref-type="fig"}). Moreover, whereas numbers of ectoparasitic nematodes tended to be highest in the new range in *C. jacea* samples, the opposite pattern was observed in *C. stoebe* samples (spec\*lat: *Χ* ^2^ = 4.55, *df* = 1, *p* \< 0.05; Figure [6](#gcb14657-fig-0006){ref-type="fig"}).

![Absolute abundances (number of individuals per 100 g dry soil) of four root‐feeding nematode types in rhizosphere samples of four pairs of congeneric native (left) and range‐expanding (right) species in southern (S: Greece and Montenegro; only *Geranium* and *Tragopogon*) and central (C: Slovenia and Austria; all plant genera) original range soils and in northern range soils (N: Central‐West Germany and the Netherlands; all plant genera). Overall species effects are noted with \* and horizontal bars. Significant species\*range interactions and range effects are visualized with small letters based on negative binomial GLM and post hoc Wald tests](GCB-25-2714-g006){#gcb14657-fig-0006}

In samples of range‐expanding *G. pyrenaicum*, there were significantly fewer endoparasites in northern than in southern latitude samples, whereas this was not found for native *G. molle* (spec\*lat: *Χ* ^2^ = 9.17, *df* = 2, *p* \< 0.05; Figure [6](#gcb14657-fig-0006){ref-type="fig"}). Abundance of ectoparasites on *Geranium* was highest in the north (lat: *Χ* ^2^ = 20.9, *df* = 2, *p* \< 0.0001; Figure [6](#gcb14657-fig-0006){ref-type="fig"}) and higher in *G. pyrenaicum* than in *G. molle* samples (spec: *Χ* ^2^ = 8.53, *df* = 1, *p* \< 0.01; Figure [6](#gcb14657-fig-0006){ref-type="fig"}). Finally, the latitudinal variation in numbers of root‐hair feeders depended on plant species: in *G. molle,* there were most root‐hair feeders in the south, while in *G. pyrenaicum*, root‐hair feeders were least abundant in centre of the latitudinal transect (spec\*lat: *Χ* ^2^ = 6.15, *df* = 2, *p* \< 0.05; Figure [6](#gcb14657-fig-0006){ref-type="fig"}).

In *Rorippa*, semi‐endoparasites were most abundant in *R. austriaca* samples (spec: *Χ* ^2^ = 12.83, *df* = 1, *p* \< 0.0001; Figure [6](#gcb14657-fig-0006){ref-type="fig"}), whereas abundances of other root‐feeding nematodes did not differ between these species. Both *Tragopogon* species had most endoparasites at central latitudes (lat: *Χ* ^2^ = 8.83, *df* = 2, *p* \< 0.05; Figure [6](#gcb14657-fig-0006){ref-type="fig"}). Latitude region also significantly affected the abundance of semi‐endoparasites (lat: *Χ* ^2^ = 6.1, *df* = 2, *p* \< 0.05), but the effect was too small to be significant in the post hoc analyses (Figure [6](#gcb14657-fig-0006){ref-type="fig"}). There were more semi‐endoparasites (spec: *Χ* ^2^ = 4.47, *df* = 1, *p* \< 0.05) and ectoparasites (spec: *Χ* ^2^ = 4.2, *df* = 1, *p* \< 0.05) in samples of range‐expanding *T. dubius* than in native *T. pratensis* (Figure [6](#gcb14657-fig-0006){ref-type="fig"}). Both species accumulated most ectoparasites in the north (lat: *Χ* ^2^ = 15.36, *df* = 2, *p* \< 0.001; Figure [6](#gcb14657-fig-0006){ref-type="fig"}).

4. DISCUSSION {#gcb14657-sec-0019}
=============

Our results show soil nematode community composition changes along a latitudinal gradient, but not in nematode richness and abundance. Latitudinal shifts in nematode community composition in general were not stronger for range‐expanding plant species than for the congeneric natives. Only one out of the four range‐expanding plant species, *C. stoebe*, experienced a strong shift in nematode community composition and also accumulated fewer individuals of several root‐feeding nematode groups in its new range.

Our results clearly demonstrate that nematode richness and total nematode numbers did not change with latitude across our sampling range, which is in line with previous studies (Kerfahi et al., [2016](#gcb14657-bib-0031){ref-type="ref"}; Song et al., [2017](#gcb14657-bib-0053){ref-type="ref"}). Changes in nematode community composition with latitude may be caused by variation in climatic variables along the latitudinal transect, such as temperature and precipitation (Bhusal, Tsiafouli, & Sgardelis, [2015](#gcb14657-bib-0005){ref-type="ref"}; Nielsen et al., [2014](#gcb14657-bib-0041){ref-type="ref"}; Song et al., [2017](#gcb14657-bib-0053){ref-type="ref"}). Overall, plant species identity was the strongest predictor of nematode community composition in this study. The importance of plant type for nematode community composition has been shown in a previous study (Song et al., [2017](#gcb14657-bib-0053){ref-type="ref"}), but our study highlights that even between closely related plant nematode communities may be distinct. Opposite to bacteria and fungi (Fierer, Strickland, Liptzin, Bradford, & Cleveland, [2009](#gcb14657-bib-0023){ref-type="ref"}; Lauber, Hamady, Knight, & Fierer, [2009](#gcb14657-bib-0033){ref-type="ref"}; Tedersoo et al., [2014](#gcb14657-bib-0056){ref-type="ref"}), soil characteristics, such as pH and soil moisture, were less important in explaining nematode community composition. Available phosphate appeared to be more important for nematode community composition than other soil characteristics, which corresponds with previously observed effects of fertilizers on nematode community composition (Hu & Qi, [2010](#gcb14657-bib-0029){ref-type="ref"}; Zhao et al., [2014](#gcb14657-bib-0070){ref-type="ref"}). Our selection of collection sites that were mainly situated in riverine areas was aimed at minimizing variation in soil conditions. Therefore, we cannot conclude that soil abiotics are generally unimportant for nematode community structuring. Yet, even with this restricted sampling regime, our models explained less than 15% of total variation in nematode community composition, leaving the majority of variation unexplained. Various factors could have contributed to this result. Most importantly, stochastic processes may be an important determinant of nematode community composition at local scales (Quist, [2017](#gcb14657-bib-0045){ref-type="ref"}), partly because taxa of large‐sized omnivorous and predatory nematodes generally occur in low abundances (Quist et al., [2017](#gcb14657-bib-0046){ref-type="ref"}). This is further strengthened by strong spatial and temporal dynamics in nematode distribution on local scales (Ettema, Rathbun, & Coleman, [2000](#gcb14657-bib-0021){ref-type="ref"}). Secondly, while we determined several important soil characteristics, the inclusion of other soil variables, such as soil clay content (Dassen et al., [2017](#gcb14657-bib-0010){ref-type="ref"}), might have increased the explanatory power of our analyses.

The latitudinal variation in nematode community composition supports our assumption that plant species will face partly different nematode communities during range expansion. It also shows that nematode communities to which widely distributed plant species are exposed vary across their native range. However, as the overall latitudinal variation in nematode community composition was not very strong, it remains unclear whether such shifts in nematode communities could have functional consequences for plant performance. We found mixed support for the hypothesis that shifts in nematode community composition across the latitudinal gradient are stronger for range‐expanding plant species than for congeneric natives (Hypothesis 1). One of the four range‐expanding plant species, *C. stoebe,* showed a stronger shift in genus‐level nematode community composition between the original range in Central Europe and the new range in North‐Western Europe than the congeneric native *C. jacea*. These results suggest different responses of nematodes to range‐expanding *C. stoebe* in the new compared to the original range, as has also been demonstrated for its seed‐ and root‐associated fungal communities (Geisen et al., [2017](#gcb14657-bib-0025){ref-type="ref"}). For the other three range‐expanding plants, differences in nematode community between the new and the original range were not so strong.

*Centaurea stoebe* was the only range expander that hosted lower numbers of root‐feeding nematodes in the new than in the original range (Hypothesis 2). Specifically, numbers of endoparasites were reduced in the new range, while such a strong decrease was not evident for native *C. jacea*. These low numbers of endoparasitic root‐feeding nematodes in the rhizosphere of *C. stoebe* in the new range might be explained by the strong chemical nematode repellence of *C. stoebe* (Wilschut, Silva, Garbeva, & van der Putten, [2017](#gcb14657-bib-0068){ref-type="ref"}), which may be stronger in the new range, where root‐feeding nematodes are nonadapted to range‐expanding plant species, than in the original range, where root‐feeding nematodes are adapted to these plant species. Such "novel weapon" effects have previously been shown for the interactions of introduced exotic plant species with aboveground insect herbivores in their new range (Schaffner et al., [2011](#gcb14657-bib-0051){ref-type="ref"}), but evidence is still lacking in the case of belowground plant--herbivore interactions of non‐native plant species. Overall, however, the reduction of root‐feeding nematodes between the new and the original range was not stronger for *C. stoebe* than for *C. jacea*. This pattern of reduced endoparasitic---but not total---root‐feeding nematode numbers corresponds with a study showing that an invasive exotic grass accumulated low numbers of endoparasites in its novel range (van der Putten, Yeates, Duyts, Reis, & Karssen, [2005](#gcb14657-bib-0062){ref-type="ref"}), and indicates that not all root‐feeding nematode types will show the same response to plant range expansions. Understanding the functional consequences of this variability will require inoculation experiments under more controlled conditions. The absence of evident changes in root‐feeding nematode numbers in the other three range‐expanding plant species may be due to chemical similarity of their roots to the roots of congeneric native species, such as has been shown for range‐expanding and native *Geranium* and *Rorippa* species (Wilschut et al., [2017](#gcb14657-bib-0068){ref-type="ref"}). Overall, latitudinal shifts in nematode community composition of range‐expanding plant species do not necessarily imply reduced exposure to root‐feeding nematodes, as this happened in one out of the four range expanders.

While there were no strong latitude effects on numbers of bacterivorous and omnivorous‐predatory nematodes in range‐expanding plant species, numbers of fungivorous nematodes varied along the latitudinal transect: both range‐expanding *Centaurea* and *Tragopogon* species accumulated fewer fungivorous nematodes in northern latitude sites than in central and southern sites, whereas the opposite was found for their congeneric natives. These results correspond with a previous study under controlled greenhouse conditions showing lower abundances of fungivores in the rhizospheres of range expanders than of natives (Morriën et al., [2012](#gcb14657-bib-0036){ref-type="ref"}). Possibly, this effect can be explained by inhibitory effects of the range expanders on soil fungi in the new range (Morriën & van der Putten, [2013](#gcb14657-bib-0038){ref-type="ref"}), which has also been shown for introduced non‐native species (Callaway et al., [2008](#gcb14657-bib-0007){ref-type="ref"}).

We analysed nematode community composition by molecular taxonomic classification often beyond genus‐level using high‐throughput sequencing, in combination with a visual counting of total numbers. An approach with only molecular analyses would have limited comparisons to relative abundances, rather than enabling quantitative analyses (Geisen et al., [2018](#gcb14657-bib-0026){ref-type="ref"}; Vandeputte et al., [2017](#gcb14657-bib-0065){ref-type="ref"}). However, we acknowledge that the community composition may not be entirely identical to the result of morphological identification (Darby, Todd, & Herman, [2013](#gcb14657-bib-0009){ref-type="ref"}; Griffiths et al., [2018](#gcb14657-bib-0027){ref-type="ref"}). For example, we found relatively high numbers of large‐sized omnivores and predators compared to studies based on morphological identification (e.g. Song et al., [2017](#gcb14657-bib-0053){ref-type="ref"}), suggesting that HTS might provide community structure information that is more closely representing biomasses rather than abundance information (Zhu, Massana, Not, Marie, & Vaulot, [2005](#gcb14657-bib-0071){ref-type="ref"}). This could also have led to an overestimation of large root‐feeding nematodes, such as Hoplolaimidae species. The lack of quantification of nematodes inside the roots might form an additional bias in our data set, as numbers of endoparasitic nematodes may be underestimated when only soil samples are examined. Our combined methodological approach might allow future large‐scale nematode community analyses that include quantitative and qualitative information to be applied to compare nematode communities in any system. Furthermore, future improvements in sequencing technology will also enhance the taxonomic resolution to allow species or even strain‐level classification, such as pathotypes for root‐feeding nematodes, which will help identifying additional ecological patterns missed in this study.

5. CONCLUSION {#gcb14657-sec-0020}
=============

Our results are among the first to test predictions on belowground community shifts due to intracontinental range expansions (Berg et al., [2010](#gcb14657-bib-0003){ref-type="ref"}) and show that nematode community composition along a latitudinal transect of climate warming‐induced plant range expansion varies more strongly with latitude and plant species identity than with soil characteristics. The strength of nematode community shifts between the original and the new range of four range‐expanding plant species depended on plant species identity. Range expanders in general did not show stronger latitudinal community shifts than congeneric natives. We show that enemy release from root‐feeding nematodes may have occurred in one of the four range‐expanding plant species. Future studies should point out whether such potential enemy release patterns during intracontinental range expansions can be equally strong as in intercontinental invasions.
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